Targeted disruption of the histidine decarboxylase gene (HDC ؊/؊ ), the only histamine-synthesizing enzyme, led to a histamine-deficient mice characterized by undetectable tissue histamine levels, impaired gastric acid secretion, impaired passive cutaneous anaphylaxis, and decreased mast cell degranulation. We used this model to study the role of histamine in bone physiology. Compared with WT mice, HDC ؊/؊ mice receiving a histamine-free diet had increased bone mineral density, increased cortical bone thickness, higher rate of bone formation, and a marked decrease in osteoclasts. After ovariectomy, cortical and trabecular bone loss was reduced by 50% in HDC ؊/؊ mice compared with WT. Histamine deficiency protected the skeleton from osteoporosis directly, by inhibiting osteoclastogenesis, and indirectly, by increasing calcitriol synthesis. Quantitative RT-PCR showed elevated 25-hydroxyvitamin D-1␣-hydroxylase and markedly decreased 25-hydroxyvitamin D-24-hydroxylase mRNA levels. Serum parameters confirming this indirect effect included elevated calcitriol, phosphorus, alkaline phosphatase, and receptor activator of NF-B ligand concentrations, and suppressed parathyroid hormone concentrations in HDC ؊/؊ mice compared with WT mice. After ovariectomy, histamine-deficient mice were protected from bone loss by the combination of increased bone formation and reduced bone resorption.
B
one remodeling maintains skeletal integrity in humans and higher vertebrates. This remodeling is mediated by the balanced activities of osteoclasts, which resorb existing bone, and osteoblasts, which form new bone (1) . In many postmenopausal women, the extent of bone resorption exceeds that of formation, resulting in osteoporosis and increased fracture risk. Approximately 100 million people suffer from postmenopausal osteoporosis worldwide. Hormone replacement therapy, selective estrogen receptor modulators, calcitonin, and bisphosphonates are useful for prevention and͞or treatment of postmenopausal osteoporosis (2) . Improvement of bone mineral density has been documented in response to a diet high in calcium and vitamin D in elderly osteoporotic patients (2) . In addition, several therapies may increase bone formation in osteoporotic patients, such as the lipid-lowering drugs ''statins'' (3), fibroblast growth factor-1 (4), and parathyroid hormone (PTH) (5) . Recently, the use of histamine receptor antagonists for the prevention and treatment of osteoporosis has been suggested by studies on ovariectomized rats (6) and on postmenopausal women (7) .
Significant advances have been made in our understanding of the factors that induce osteoporosis in select individuals, whereas others maintain sufficient bone mass even after menopause. Studies of knockout and transgenic mice demonstrated that one of the main mechanisms of osteoporosis caused by estrogen deficiency was related to the over-stimulation of osteoclast differentiation and activation by cytokines. Among these cytokines, the roles of tumor necrosis factor related receptor activator of NF-B (RANK) (8) , and its ligands RANK ligand (RANKL) (9, 10) are well documented. RANK is expressed in osteoclasts, whereas osteoprotegerin (11) is a soluble decoy receptor that binds to and neutralizes RANKL. RANKL secretion from osteoblasts is stimulated by calcitriol, affecting osteoclast development and function (12) .
A few studies indicated that the cytokine histamine is another factor that regulates bone remodeling. Histamine influences many physiological functions through G protein-coupled receptors. Histamine modulates inflammatory and allergic responses via H 1 and H 4 receptors (13), gastric acid secretion via H 2 receptors (14), and neurotransmitter release via H 3 receptors (15) . One study, in a synchronized resorption model, demonstrated that histamine increases osteoclast activity and number through H 1 and H 2 receptors, respectively (16) , whereas other studies indicated that the histamine effects on bone resorption were indirect (17, 18) . Consistent with the action of histamine on bone, high circulating levels of histamine were associated with osteoporosis and abnormal bone histomorphometry indices of resorption in patients with mastocytosis (19) (20) (21) . Increased histamine levels were also associated with normal or decreased parameters of bone formation (21) , although a direct effect of histamine on osteoblasts has not been reported. Because diseases that are associated with increased histamine serum levels, such as allergies, are common and increasing in frequency in developed countries, a better understanding of the impact of excess histamine on the development of postmenopausal osteoporosis is imperative.
Histamine serum levels are regulated mainly by the activity of the histamine-synthesizing enzyme, histidine decarboxylase (HDC), and to a lesser degree by dietary intake of histamine. Targeted deletion of HDC in mice combined with histaminedeficient diet provided us with a model of histamine deficiency (22) . We used this model to explore roles of histamine in ovariectomy-induced osteoporosis.
and PCR. Groups of adult female and male HDC Ϫ/Ϫ mice and their WT littermates were randomly selected from the transgenic colony. There were no differences in body weights between the groups. Mice were placed on a histamine-free diet (0.6 nmol histamine per g food, 500 units͞kg vitamin D; Altormin, Lage, Germany) 14 days before surgery and maintained on this diet for 3 months. One group of mice was kept on a diet without vitamin D and reduced in calcium (0.4% calcium vs. 2% in normal diet) (D-deficient diet; Harlan Teklad, Madison, WI). The concentration of histamine in the skin of the HDC Ϫ/Ϫ mice kept for 7 days on the histamine-free diet was very low, 0.3 Ϯ 0.1 nmol͞g tissue (WT: 21.2 Ϯ 4.3 nmol͞g) (22, 23) . Mice were shamoperated (SHAM) or ovariectomized (OVX) at the age of 4 months and killed either 45 or 90 days after surgery. Additional groups of intact (nonoperated) mice were killed at 4-6 months of age. To obtain dynamic parameters of bone formation, calcein (4 mg͞kg; Sigma) was injected 9 days and 2 days before death. After death, femur, tibiae, and lumbar vertebrae were excised for measurements of bone density and histology. Uterus weight was determined to verify the successful removal of the ovaries. Length and two-dimensional subperiosteal diameter of excised femurs were measured with digital calipers to the nearest 0.01 mm. Osteoclast Formation Assay. Bone marrow cells were isolated from the tibiae and femurs of three WT and four HDC Ϫ/Ϫ female mice (7 months old, kept on histamine-free diet for 4 months). Nonadherent cells were separated by Ficoll gradient and plated at 1 ϫ 10 5 cells per well in 96-well plates. Cells were cultured in phenol red-free MEM␣ (Life Technologies, Grand Island, NY) with 30 ng͞liter RANKL and 10 mg͞liter M-CSF (Sigma) as described (9) . Media were changed on days 3 and 5, and cells were fixed on day 9. Osteoclast number was determined by counting the total number of multinucleated (more than three nuclei) TRAP-positive cells per well. Statistical Analysis. Histomorphometry measurements were analyzed by a one-way ANOVA. Fisher's protected least significant difference further compared each group of data with other groups. All other group mean values were compared by Student's t test or one-way ANOVA, as appropriate. Data are mean Ϯ SEM. Statistical significance was determined at P Ͻ 0.05.
Results
Phenotypic Features of Histamine-Deficient Mice. The hallmarks of histamine deficiency have been established in HDC Ϫ/Ϫ mice. These mice, lacking histamine synthesizing activity and histamine in their tissues (22) , exhibited a reduction in the secretory granule contents in the remaining mast cells (22) , impaired cutaneous anaphylaxis (23), decreased basal gastric acid secretion and gastrin resistance (24) , and decreased spontaneous locomotor activity during the dark period (25) . HDC Ϫ/Ϫ mice exhibited normal body weight, growth, development, and fertility in comparison with the WT mice. There was no significant difference in femur length between the two groups. Femoral thickness, determined by caliper measurements, was significantly increased in HDC Ϫ/Ϫ mice compared with WT; thickness of femurs at mid-diaphysis from 7-month-old HDC Ϫ/Ϫ mice was 1.9 Ϯ 0.1 mm and from WT litter mates 1.7 Ϯ 0.1 mm (P Ͻ 0.01). Similarly, the width of the first thoracic vertebrae was also increased in HDC Ϫ/Ϫ mice by 5% compared with WT littermates (n ϭ 15, P Ͻ 0.001).
Increased Bone Mineral Content in Histamine-Deficient Mice. The bone phenotype was further characterized by comparing bone mineral content in HDC Ϫ/Ϫ and WT mice. Densitometry (Fig.  1A ) and radioopacity measurements (Fig. 1C) of excised femurs revealed a small increase in bone mineral density in both male and female adult HDC Ϫ/Ϫ compared with WT littermates. Differences in bone density were even more pronounced 90 days after ovariectomy as shown by radiograms of representative femurs from each group (Fig. 1D) and by radioopacity measurements of excised femurs (Fig. 1C) . Both radiographs and quantitative computed tomography measurements (not shown) demonstrated increased cortical thickness of femurs in HDC Ϫ/Ϫ mice compared with WT mice. Analysis of roentgenograms at the mid-diaphyseal cross-sectional areas of femurs showed an increase of cortical thickness in SHAM and a greater increase in the OVX groups (Fig. 1B) . Quantitative computed tomography also showed increased periosteal and decreased endosteal circumference (not shown). Histological analysis confirmed the increase of mineralized bone and cortical thickness in femurs of HDC Ϫ/Ϫ mice (Fig. 2) . This difference was apparent in both SHAM and OVX groups.
In addition to the loss in cortical bone, estrogen-deficiency also causes loss in trabecular bone. To assess trabecular bones, first we compared radioopacity of trabecular regions from the vertebrae. Trabecular densities were similar in HDC Ϫ/Ϫ (134.2 Ϯ 5.4 units) and WT mice (127.9 Ϯ 6.9 units) after SHAM (P ϭ 0.2), whereas densities were higher in HDC Ϫ/Ϫ mice (129 Ϯ 5.4 units) than in WT mice (106.1 Ϯ 4.9 units) after OVX (P Ͻ 0.001). Histomorphometrical analysis of trabecular bone confirmed the results of radioopacity measurements. Trabecular bone volumes were similar in HDC Ϫ/Ϫ (19.3 Ϯ 3.2) and WT mice (21.7 Ϯ 4.1) after SHAM (P ϭ 0.16), whereas they were higher in HDC Ϫ/Ϫ OVX mice (14.3 Ϯ 5.8%) than in WT OVX mice (9.5 Ϯ 4.6%) (P Ͻ 0.001). This difference in bone loss (51% in WT compared with 26% in HDC Ϫ/Ϫ ) indicates that histamine deficiency protects not only the cortical bone, but also the trabecular bone from the estrogen-deficiency induced changes.
The bone protective effect of histamine deficiency was not Histomorphometrical analysis was carried out to gain insight into the mechanism of the bone anabolic effects. Calcein labeling allowed us to assess dynamic and static parameters of bone formation. Fig. 3A shows that both in SHAM (Fig. 3A Upper) and in OVX (Fig. 3A Lower) animals the amount of calcein labeling and the extent of double labeled surfaces were increased in HDC Ϫ/Ϫ mice compared with WT. Morphometric analysis of femurs revealed that histamine deficiency caused a marked increase in both surface-and volume-based parameters of bone formation. Histamine deficiency increased ratios of mineralized surfaces vs. bone surfaces ( Fig. 3B ; SHAM P Ͻ 0.003, OVX P Ͻ 0.005, by genotype) and increased ratios of bone formation rate vs. bone surfaces ( (Fig. 3D ) and morphometrical analysis (Fig. 3E) . Reduced osteoclast number was found both in SHAM and OVX HDC (Fig. 4A) . In addition, real-time RT-PCR measurements indicated that the 1␣OHase mRNA expression was much higher in kidneys from HDC Ϫ/Ϫ mice than in kidneys from WT mice (Fig. 4B) . Moreover, 24OHase expression level was much lower in kidneys from HDC Ϫ/Ϫ mice that in kidneys from WT mice (Fig. 4C) . The up-regulation of the calcitriol synthesizing enzyme and downregulation of the calcitriol catabolizing enzyme thus explain the increased calcitriol serum concentration in histamine-deficient mice. In accordance, we found changes in serum parameters that are usually under the influence of calcitriol, such as P i , ALPase, PTH, and sRANKL concentrations in HDC Ϫ/Ϫ mice. Histamine-deficient mice had higher Pi concentrations than serum from WT mice (12.6 Ϯ 0.4 vs. 11.2 Ϯ 0.5 mg͞dl; P Ͻ 0.05, n ϭ 11), higher ALPase concentrations (181.8 Ϯ 19.9 vs. 68.5 Ϯ 12.3 units͞liter; P Ͻ 0.001, n ϭ 20), suppressed PTH concentrations (Fig. 5A) , and increased sRANKL concentrations (Fig. 5B) . Serum total calcium concentrations were similar in HDC Ϫ/Ϫ and in WT mice (8.9 Ϯ 0.1 vs. 9.0 Ϯ 0.1 mg͞dl; P ϭ 0.5, n ϭ 14) despite the higher calcitriol concentrations. The suppression of PTH release by the high calcitriol levels in the HDC Ϫ/Ϫ mice likely compensated for the effect of high calcitriol on serum calcium levels. Serum calcidiol (25-OH-D 3 ) levels were similar in HDC Ϫ/Ϫ and WT mice (11.6 Ϯ 1.7 vs. 10.9 Ϯ 1.2 ng͞ml, P ϭ 0.4, n ϭ 5). Thus, the increased calcitriol concentrations in HDC Ϫ/Ϫ mice are likely the result of an increased calcitriol synthesis and decreased calcitriol catabolism.
To evaluate the role of calcitriol in mediating the boneprotective effect of histamine deficiency, in a separate experiment mice were fed a vitamin D-deficient and reduced calcium diet for 3 months. Both SPA and radioopacity measurements of excised femurs showed similar values in HDC Ϫ/Ϫ and WT mice fed a vitamin D-deficient reduced calcium diet (SPA: HDC Ϫ/Ϫ , 12.1 Ϯ 0.8; WT, 12.5 Ϯ 0.6 g͞cm 2 , P ϭ 0.3, radioopacity: HDC Ϫ/Ϫ , 55.4 Ϯ 6.6 units, WT, 62.0 Ϯ 8.7 units; P ϭ 0.09). These results show that vitamin D deficiency prevents the increase in bone mineral density in HDC Ϫ/Ϫ mice, and suggest that increased calcitriol synthesis plays a role in the bone-protective effect of histamine deficiency.
Discussion
In this study, we have demonstrated a bone phenotype in mice lacking the capacity to synthesize histamine. These mice showed all of the expected abnormalities of histamine deficiency in immune function, neuronal function, and gastrointestinal function. The bone phenotype of histamine deficiency is characterized by increased cortical bone thickness and mineral content, which develops due to increased bone formation and reduced bone resorption. Studies elucidating the mechanisms of this bone phenotype revealed the role of histamine in renal calcitriol synthesis and catabolism.
The appearance of bone phenotype in HDC Ϫ/Ϫ mice was not unexpected. Previous studies demonstrated the abundance of histamine synthesizing and catabolizing enzymes in bone and bone marrow (26, 27) . Moreover, the bone abnormalities in patients with mastocytosis and high circulating levels of histamine are well documented (28) . These patients often develop osteoporosis, because of increased bone resorption primarily at the ends of the long bones (20) . Histamine increased osteoclast number in rats (16, 29) induced bone resorption in laying hens (17) , and increased osteoclastogenesis in mouse bone marrow cell culture by stimulating RANKL expression by osteoblasts (30) . Conversely, histamine receptor inhibition prevented rapid periosteal and trabecular bone resorption in ovariectomized rats (6) . Taken together, these previous studies with our findings of markedly decreased osteoclast number in HDC Ϫ/Ϫ mice suggest that histamine has a direct effect on osteoclast development and function. This direct effect could decrease bone resorption and decrease ovariectomy-induced bone loss, similar to the effects of other antiresorptive agents. However, osteoclast inhibition could lead to a low turnover osteopenia, unless bone formation is also stimulated.
The most interesting feature of HDC Ϫ/Ϫ mice phenotype was the increased bone mineral density and bone formation indexes. Our results indicate that one of the mechanisms that increases bone mineral density and bone formation rate in histaminedeficient mice is indirect, acting through stimulation of calcitriol synthesis. Excess calcitriol increases intestinal calcium absorption and stimulates osteoblast activity, as indicated by the increased sRANKL concentrations.
The connection between serum calcitriol concentration and histamine-induced bone loss has been indicated by a study on patients with mastocytosis (21) . Before treatment, serum and urinary histamine levels were elevated and bone histomorphometry showed impaired bone formation in these patients. Serum calcitriol levels were low despite normal 25-OH-D levels, suggestive of impaired 1␣-hydroxylase activity. After treatment with histamine release inhibitor ketotifen, serum and urinary histamine levels normalized, together with a reversal of bone loss, an increase in bone formation and a decrease in bone resorption. Serum calcitriol levels also increased from 12 to 21.5 pg͞ml, whereas serum 25-OH-D levels remained unchanged. Calcitriol levels were also decreased in another study on patients with mastocytosis (31). Here we found that histamine deficiency increases serum calcitriol levels by regulating expression of calcitriol synthesizing and catabolizing enzymes in the kidney. Increases in serum calcitriol levels were accompanied by increased serum P i and ALPase, and sRANKL concentrations, and decreased PTH concentrations, as expected. Our studies with vitamin D-deficient diet also supported the connection between the increased calcitriol and the bone phenotype in this model of histamine deficiency.
Although calcitriol is a well known stimulator of osteoclast development in vitro (32) , and osteoclastic bone resorption in vivo, antiresorptive effect of low dose calcitriol has also been described in murine models of osteoporosis (33, 34) . This raised the possibility that the antiresorptive effect observed in histamine-deficient animals is indirect, deriving from the increased calcitriol levels. Our results on osteoclast development from cultured bone marrow, however, show a direct effect of histamine deficiency. These experiments demonstrated that significantly less TRAP-positive multinucleated cells developed from the marrow of HDC Ϫ/Ϫ than from WT mice even in the absence of calcitriol. Combined, these results argue against the possibility that calcitriol prevents bone loss by inhibiting bone resorption in HDC Ϫ/Ϫ mice.
It is well established that calcitriol directly stimulates in vitro bone formation (35) and mineralized matrix formation by osteoblasts (36) . This effect was recently confirmed in transgenic mice overexpressing the vitamin D receptor, which featured increased cortical bone thickness and mineral density (37) . A recent report pointed out that calcitriol also induces osteoclast differentiation by increasing RANKL secretion by osteoblasts (38) . Part of the reason that increased RANKL secretion did not lead to an increase in osteoclast differentiation in the HDC Ϫ/Ϫ mice is that the RANKL-induced increase in osteoclast H2 receptor expression (39) is ineffective to stimulate osteoclastogenesis in the absence of the ligand, histamine. This effect of histamine deficiency on osteoclasts is similar to the effect of estrogen that inhibits osteoclast development and bone resorption (40) by stimulating osteoprotegerin secretion, which in turn blocks RANK activation (9) . Indeed, our histology showed that the bone histology patterns in femurs from HDC Ϫ/Ϫ mice (Fig.  2) resemble the bone histology patterns reported in mice treated with high doses of estrogen (40, 41) .
In summary, our studies on a mouse model of histamine deficiency have provided insights into the direct and indirect effects of histamine deficiency on bone remodeling and vitamin D metabolism. These studies established that histamine deficiency increases bone formation, at least in part, through increasing serum calcitriol levels. Our results are consistent with the few reports proposing bone-protective effects of histamine antagonists in OVX rats (6, 42) and in postmenopausal women (7) . Combined, these results lead to the hypothesis that people with allergies and other illnesses associated with increased histamine synthesis may have increased susceptibility to agerelated and estrogen deficiency induced bone loss. Furthermore, the well-controlled and large-scale testing of antihistamines and HDC inhibitors alone or in combination with high calcium diet (A) Serum PTH levels were measured from WT and HDC Ϫ/Ϫ mice 90 days after SHAM operation (WT, n ϭ 11, HDC Ϫ/Ϫ , n ϭ 12) or OVX (WT, n ϭ 6 HDC Ϫ/Ϫ , n ϭ 10). Values were significantly lower in the HDC Ϫ/Ϫ group than in WT group both after SHAM (P Ͻ 0.05) and after OVX (P Ͻ 0.01). (B) Serum sRANKL concentrations were measured from WT and HDC Ϫ/Ϫ mice 90 days after SHAM operation (n ϭ 5 each) or OVX (n ϭ 4 each). Values were significantly higher in the HDC Ϫ/Ϫ groups than in the WT groups (both SHAM and OVX, P Ͻ 0.05).
